INTRODUCTION {#S1}
============

MTOR is an evolutionarily conserved Ser or Thr protein kinase. It plays an important role in regulating a wide range of cell activities in response to extracellular stimuli ^[@R1]--[@R5]^. This kinase is present in two structurally and functionally distinct protein complexes, mTORC1 and mTORC2. These two complexes share two common components, MLST8 (GβL) and DEPTOR, but other components are distinct. While mTORC1 has RAPTOR and PRAS40 ^[@R6]--[@R10]^, mTORC2 contains RICTOR, MAPKAP1 (SIN1), PRR5, and PRR5L (Protor-1 or 2) ^[@R11]--[@R15]^. The molecular functions of these mTORC components remain poorly defined. Nevertheless, studies suggest that MLST8, RICTOR, RAPTOR, and MAPKAP1 are critical for the complex assembly and/or linking the MTOR kinase to its substrates ^[@R3],\ [@R4]^. The function of PPR5L is not known.

The two mTOR complexes are regulated differently. While mTORC1 regulates diverse cellular processes including protein synthesis, ribosome biogenesis, transcription, and autophagy ^[@R16]--[@R19]^, mTORC2 regulates AGC kinases, including AKT and PKC, by phosphorylating their HM sites ^[@R20]--[@R24]^. MTORC2 also phosphorylates Turn Motifs ofAKT and PKC, but this phosphorylation is independent of growth factor regulation ^[@R20],\ [@R22]^. The cellular activities that mTORC2 regulates include actin cytoskeleton reorganization and cell migration ^[@R13],\ [@R23],\ [@R25]--[@R27]^. Many extracellular stimuli including growth factors, G protein-coupled receptor ligands, and cytokines stimulate AKT and PKC HM phosphorylation. The PI3K-mediated regulation of AKT HM phosphorylation was initially attributed to PtdIns(3,4,5)P~3~-mediated membrane translocation and conformational changes of AKT. However, recent evidence suggests that the mTORC2 kinase may also be regulated by PtdIns(3,4,5)P~3~ directly ^[@R28]--[@R30]^ and indirectly through stimulation of its ribosome association ^[@R31]^. Ribosome-associated mTORC2 promotes cotranslational phosphorylation of AKT Turn Motif and stability of nascent AKT polypeptides ^[@R32]^. It is not known whether there are other mechanisms for extracellular stimuli to regulate mTORC2 or whether mTORC2's activity toward different substrates can be selectively regulated.

In our recent study of mTORC2 kinase activity regulation by PtdIns(3,4,5)P~3~ ^[@R30]^, we discovered that Gα12, but not Gα13, specifically regulated PKCδ HM phosphorylation in HEK293T and mouse embryonic fibroblasts (MEFs). This led us to uncovering a signaling mechanism by which LPA, via Gα12 and mTORC2, stimulates long term PKCδ HM phosphorylation and activation, which is important for fibroblast migration and pulmonary fibrosis development.

RESULTS {#S2}
=======

Persistent PKC activation by LPA and Gα12 {#S3}
-----------------------------------------

In our recent study of mTORC2 regulation, we found that expression of Gα12^QL^, but not the activated QL forms of Gαi2, Gα13, GαoA and Gα11, in HEK293T cells stimulated HM phosphorylation of PKCδ (pHM-PKCδ), but not AKT ([Fig. 1A](#F1){ref-type="fig"} & [S1A](#SD1){ref-type="supplementary-material"}). Expression of Gα12^QL^ could also increase PKC phosphorylation detected by an antibody recognizing the HM phosphorylation of all of PKC isoforms (pHM-pan-PKC) and MARCKS phosphorylation ([Fig. 1A](#F1){ref-type="fig"}). Because MARCKS phosphorylation could be blocked by a PKC inhibitor ([Fig. S1B](#SD1){ref-type="supplementary-material"}), it is a surrogate marker for PKC activity.

LPA, which can signal through the Gα12 or 13 family of G proteins ^[@R33],\ [@R34]^, also stimulated PKCδ HM and MARCKS phosphorylation in HEK293T cells ([Fig. S1C](#SD1){ref-type="supplementary-material"}) or MEFs ([Fig. 1B](#F1){ref-type="fig"}) with two phases; an early phase response peaked before 5 min, and a late one after 1 hour of stimulation. LPA, on the other hand, induced only one phase of AKT HM phosphorylation that peaked before 5 min of the stimulation ([Fig. 1B](#F1){ref-type="fig"} & [S1C](#SD1){ref-type="supplementary-material"}). The late, but not the early, phase PKC HM phosphorylation depended on Gα12 as determined using the Gα12-null (*Gna12*^−/−^) MEFs ([Fig. 1C](#F1){ref-type="fig"}). Importantly, expression of Gα12 in *Gna12*^−/−^ MEFs restored the late phase stimulation by LPA ([Fig. 1C](#F1){ref-type="fig"}). Gα13-deficiency, however, had no significantly effects on either phase of PKC HM or MARCKS phosphorylation ([Fig. S1D](#SD1){ref-type="supplementary-material"}; data not shown), suggesting that LPA acts primarily through Gα12 to induce late phase PKC HM and MARCKS phosphorylation. Additionally, LPA appeared to act largely through the type 1 LPA receptor (LPAR1) to stimulate the late phase responses ([Fig. S1E](#SD1){ref-type="supplementary-material"}).

PRR5L ubiquitination and destabilization {#S4}
----------------------------------------

PKC HM phosphorylation may be mediated by mTORC2 ^[@R3],\ [@R4]^. We thus knocked down an mTORC2 core component MAPKAP1, which caused a strong inhibition of the late, but not the early, phase PKCδ HM and MARCKS phosphorylation in response to LPA, while abrogating AKT HM phosphorylation ([Fig. 2A](#F2){ref-type="fig"}). These results suggest that the two phases of PKCδ HM phosphorylation may be regulated differently. Consistent with this conclusion, mTORC2 pulled down by a RICTOR antibody from WT MEFs treated with LPA for 120 min, but not from those treated for 1 min, showed increased ability to phosphorylate PKC in an in vitro kinase assay ([Fig. S2A](#SD1){ref-type="supplementary-material"}). Of note, mTORC2 from the long term LPA treatment did not stimulate AKT HM phosphorylation ([Fig. S2A](#SD1){ref-type="supplementary-material"}). Because PKC could autophosphorylate its HM site ([Fig. S2B](#SD1){ref-type="supplementary-material"}), the early phase PKC HM phosphorylation may be the result of autophosphorylation probably as the result of PKC activation by LPA through phospholipase C^[@R35]^.

To understand how LPA may induce the late phase PKCδ HM phosphorylation through mTORC2, we examined the possibility that LPA treatment might alter the protein contents of the mTORC2 components. While LPA did not alter the contents of the core mTORC2 components including MTOR, RICTOR, MAPKAP1, and MLST1, it reduced the content of PRR5L, an mTORC2-binding protein with no clear function, in HEK293T cells ([Fig. 2B](#F2){ref-type="fig"}) in a time dependent manner ([Fig. S1C](#SD1){ref-type="supplementary-material"}). LPA also destabilized PRR5L in WT MEFs ([Fig. S2C,D](#SD1){ref-type="supplementary-material"}). Expression of Gα12^QL^, but not Gα13^QL^, also led to a reduction in the protein content of PRR5L, but not other mTORC2 components ([Fig. 2C](#F2){ref-type="fig"}).

LPA did not alter the *PRR5L* mRNA concentrations in HEK293T cells ([Fig. 2D](#F2){ref-type="fig"}) or MEFs (data not shown), but the proteasome inhibitor MG132 inhibited LPA-induced PRR5L destabilization ([Fig. 2B](#F2){ref-type="fig"}). By contrast, the lysosome inhibitor chloroquine had no effect ([Fig. 2B](#F2){ref-type="fig"}). These results suggest that LPA may induce destabilization of PRR5L via the proteasome, which often requires polyubiquitination of its target proteins. Indeed, LPA treatment or Gα12^QL^ expression stimulated PRR5L ubiquitination ([Fig. 2E](#F2){ref-type="fig"}).

PRR5L inhibits PKC HM phosphorylation {#S5}
-------------------------------------

LPA failed to elicit the late phase PKCδ HM phosphorylation without noticeable effects on the early phase PKCδ and AKT HM phosphorylation in MEFs derived from *Prr5*^−/−^*;Prr5l*^−/−^ mice ([Fig. 3A](#F3){ref-type="fig"}). In addition, expression of PRR5L in these *Prr5*^−/−^*;Prr5l*^−/−^ MEFs restored the late phase responses apparently by reducing the basal PKCδ HM phosphorylation ([Fig. 3A](#F3){ref-type="fig"}). These results, together with the observation that LPA destabilizes PRR5L protein ([Fig. 2](#F2){ref-type="fig"}), suggest that PRR5L may be a suppressor of PKC HM phosphorylation. LPA may hence induce the late phase PKC HM phosphorylation by destabilizing PRR5L protein. Consistent with this hypothesis, siRNA-mediated knockdown PRR5L increased PKCδ HM and MARCKS phosphorylation ([Fig. S3A](#SD1){ref-type="supplementary-material"}).

We next examined the effect of PRR5L in a cell-free system and found that mTORC2 immunoprecipitated by the RICTOR antibody from cells transfected with the PRR5L siRNA showed increased ability to phosphorylate PKCδ HM site compared to mTROC2 from cells transfected with a control siRNA ([Fig. 3B](#F3){ref-type="fig"}). Addition of PPR5L protein inhibited PKC HM phosphorylation by mTORC2 ([Fig. 3B](#F3){ref-type="fig"}). Furthermore, mTORC2 from PRR5L knockdown cells showed stronger interactions with PKCδ protein than mTORC2 from the control cells ([Fig. 3B](#F3){ref-type="fig"}). Addition of recombinant PRR5L protein attenuated the interactions ([Fig. 3B](#F3){ref-type="fig"}). Addition of a PRR5L mutant protein that lacks its N-terminal 95 amino acid and does not bind to mTORC2 ^[@R14]^ did not suppress the phosphorylation or binding ([Fig. S3B](#SD1){ref-type="supplementary-material"}). These effects of PRR5L siRNA transfection and protein addition are consistent with the observation that each MAPKAP1 molecule in mTORC2 immunoprecipitated from wildtype cells appeared to be occupied by at least one PRR5L molecule, whereas LPA treatment reduced the stoichiometry of MAPKAP1 to PRR5L to below 1 ([Fig. S3C](#SD1){ref-type="supplementary-material"}).

Expression of the PRR5L homolog PRR5, unlike that of PRR5L, in *Prr5*^−/−^*;Prr5l*^−/−^ MEFs did not restore the late phase PKCδ HM phosphorylation, nor did it affect the early phase responses ([Fig. 4A](#F4){ref-type="fig"}). Moreover, PRR5 and PRR5L did not compete for binding to mTORC2 ([Fig. 4B](#F4){ref-type="fig"}). These results together suggest that PRR5 may not share the function of PRR5L in regulating PKC phosphorylation. In contrast to the effects on PKCδ, addition of the PRR5L protein enhanced AKT HM phosphorylation by and its interaction with mTORC2 ([Fig. 3B](#F3){ref-type="fig"}). However, PRR5L knockdown only slightly attenuated AKT HM phosphorylation or interaction with mTORC2 ([Fig. 3B](#F3){ref-type="fig"}), suggesting that endogenous PRR5L may have a stronger impact on PKC than AKT regulation. Given that AKT and PKC did not seem to compete for binding to mTORC2 ([Fig. 4C](#F4){ref-type="fig"}), PRR5L may bind to a site on mTORC2 that affects more the regulation of PKC HM phosphorylation than that of AKT.

RFFL is an E3 ligase for PRR5L {#S6}
------------------------------

Because LPA or Gα12-mediated destabilization of PRR5L depended on protein synthesis ([Fig. S4A](#SD1){ref-type="supplementary-material"}), LPA and Gα12 may upregulate the expression of an E3 ubiquitin ligase that catalyzes the polyubiquitination of PRR5L. Microarray gene expression analysis revealed that LPA upregulated the expression of 846 genes by more than 2 folds in HEK293T cells. Among these genes, there were 4 verified or putative E3 ligases (*RFFL*, *TRAF6*, *WWP2*, and *RNF157*). Quantitative RT-PCR analysis indicated that the expression of *Rffl* was upregulated by LPA in a Gα12-dependent manner ([Fig. 5A](#F5){ref-type="fig"}). *RFFL* expression was also upregulated by Gα12^QL^, but not Gα13^QL^ ([Fig. 5B](#F5){ref-type="fig"}). Importantly, the RFFL siRNAs reversed LPA-mediated destabilization of PRR5L and increases in PKC-HM and MARCKS phosphorylation ([Fig. 5C](#F5){ref-type="fig"}). The siRNAs also inhibited LPA or Gα12^QL^-induced ubiquitination of PRR5L ([Fig. S4B](#SD1){ref-type="supplementary-material"}). Thus, RFFL may be an E3 ligase for PRR5L.

The E3 ubiquitin ligases often bind to their substrates. Indeed, RFFL and PRR5L coimmunoprecipitated in HEK293T cells ([Fig. 5D](#F5){ref-type="fig"} & [S4C](#SD1){ref-type="supplementary-material"}), and their recombinant protein interacted ([Fig. S4D](#SD1){ref-type="supplementary-material"}). Additionally, expression of RFFL, like Gα12^QL^ expression or LPA treatment, was able to stimulate ubiquitination of endogenous PRR5L ([Fig. 5E](#F5){ref-type="fig"}), and recombinant RFFL catalyzed ubiquitination of PRR5L in an *in vitro* assay ([Fig. 5F](#F5){ref-type="fig"}). RFFL-mediated PRR5L poly-ubiquitination is ubiquitin Lys48-linked ([Fig. 5G](#F5){ref-type="fig"}) and RFFL Ring domain-dependent ([Fig. S4E](#SD1){ref-type="supplementary-material"}). All of these results together support the conclusion that RFFL is the E3 ligase that catalyzes PRR5L polyubiquitination in response to Gα12^QL^ expression or LPA treatment.

RAF regulates *Rffl* expression via ERK {#S7}
---------------------------------------

The Gα12 family of G proteins has been implicated in regulation of the MAP kinases ^[@R33]^. While expression of Gα12 or Gα13 stimulated p38 kinase phosphorylation, only Gα12^QL^, but not Gα13^QL^, potently stimulated MEK and ERK phosphorylation ([Fig. S5A](#SD1){ref-type="supplementary-material"}). LPA has been previously shown to stimulate ERK phosphorylation ^[@R36]^, which we confirmed ([Fig. S5A](#SD1){ref-type="supplementary-material"}). Consistent with these results, MEK inhibitors PD98059 and U0126 inhibited LPA-induced upregulation of RFFL expression ([Fig. S5B](#SD1){ref-type="supplementary-material"}), and knockdown of MEK or ERK by siRNAs blocked Gα12^QL^-induced upregulation of RFFL expression ([Fig. 6A](#F6){ref-type="fig"}) and polyubiquitination of PRR5L ([Fig. 6B](#F6){ref-type="fig"}). Together with the result that overexpression of MEK1 or ERK2 stimulated RFFL expression ([Fig. S5C](#SD1){ref-type="supplementary-material"}) and polyubiquitination of PRR5L ([Fig. 6C](#F6){ref-type="fig"}), we concluded that LPA and Gα12 upregulated RFFL expression via a MEK-ERK pathway.

The RAF protein kinases act upstream of MEK. Knockdown of ARAF, but not BRAF or CRAF, by siRNAs inhibited Gα12^QL^-mediated upregulation of RFFL expression and polyubiquitination of PRR5L ([Fig. 6A--B](#F6){ref-type="fig"}). Knockdown of ARAF also blocked LPA- or Gα12^QL^-induced increases in MEK, ERK and PKCδ HM phosphorylation ([Fig. S5D](#SD1){ref-type="supplementary-material"}), while knockdown of MEK blocked Gα12^QL^-induced increases in ERK and PKCδ HM phosphorylation ([Fig. S5E](#SD1){ref-type="supplementary-material"}). Furthermore, LPA treatment or Gα12^QL^ expression increased ARAF phosphorylation ([Fig. 6D](#F6){ref-type="fig"}), and ARAF expression increased RFFL expression ([Fig. S5C](#SD1){ref-type="supplementary-material"}), ERK phosphorylation ([Fig. S5E](#SD1){ref-type="supplementary-material"}), and PRR5L polyubiquitination ([Fig. 6C](#F6){ref-type="fig"}). Because expression of a dominant negative mutant of H-Ras, one of the upstream regulators of the Raf proteins, did not significantly inhibit LPA-mediated *RFFL* expression or ERK phosphorylation ([Fig. S5B &S5F](#SD1){ref-type="supplementary-material"}), we examined whether Gα12 could interact with ARAF. Gα12^QL^ and ARAF co-immunoprecipitated in HEK293T cells ([Fig. 6E](#F6){ref-type="fig"}). By contrast, coimmunoprecipitation of Gα12^QL^ with CRAF or of Gα13^QL^ with ARAF or CRAF was not strongly detected ([Fig. 6E](#F6){ref-type="fig"}), suggesting that Gα12 may preferentially activate ARAF. Moreover, recombinant Gα12 protein directly interacted with ARAF, but not CRAF, in a GTP-dependent manner ([Fig. 6F](#F6){ref-type="fig"}). All of these results indicate that LPA acts preferentially through Gα12 to regulate RFFL expression, PRR5L polyubiquitination, and PKCδ HM phosphorylation through an ARAF-MEK-ERK pathway.

Role of Gα12-PKCδ in fibroblast cell migration {#S8}
----------------------------------------------

LPA is a potent stimulator of fibroblast migration ^[@R35]^, and its effect on MEF migration depended on Gα12, because it failed to stimulate *Gna12*^−/−^ MEF migration ([Fig. S6A](#SD1){ref-type="supplementary-material"}). Expression of Gα12 in *Gna12*^−/−^ MEFs restored their ability to migrate in response to LPA ([Figure S6B](#SD1){ref-type="supplementary-material"}) as well as the late phase PKCδ-HM and MARCKs phosphorylation ([Figure 1C](#F1){ref-type="fig"}). Moreover, knockdown of RFFL inhibited LPA-induced MEF migration ([Fig. 7A--C](#F7){ref-type="fig"}), whereas RFFL expression ([Fig. 7D--E](#F7){ref-type="fig"}) or PRR5L knockdown ([Fig. 7F](#F7){ref-type="fig"}) stimulated MEF migration. These results together indicate that Gα12-mediated upregulation of RFFL and destabilization of PRR5L are important for cell migration in response to LPA. Although PRR5 and PRR5L-deficiency abrogated LPA-induced migration, expression of PRR5L, but not PRR5, restored the LPA response by suppressing the basal migration of *Prr5*^−/−^*;Prr5l*^−/−^MEFs ([Fig. 7G](#F7){ref-type="fig"}). This is consistent with our conclusion that LPA destabilizes PRR5L to induce cell migration.

To investigate the importance of PKC in MEF migration, we treated MEFs with the PKC inhibitor Go6850 or a PKC activator PMA. While Go6850 inhibited LPA-mediated MEF migration ([Fig. S6D](#SD1){ref-type="supplementary-material"}), PMA stimulated the migration of both WT and *Gna12*^−/−^ MEFs ([Fig. S6E](#SD1){ref-type="supplementary-material"}). Moreover, knockdown of PKCδ inhibited MEF migration in response to LPA ([Fig. 7H](#F7){ref-type="fig"} & [S6F](#SD1){ref-type="supplementary-material"}) or PRR5L knockdown ([Fig. 7F](#F7){ref-type="fig"}). Expression of wildtype PKCδ, but not the mutant with its HM site mutated (S664A), was able to restore the migration phenotype of PKCδ knockdown, indicating the importance of this phosphorylation for MEF migration ([Fig. 7H](#F7){ref-type="fig"}). Furthermore, expression of myristylated PKCδ, which exhibited elevated activity ([Fig. 7I](#F7){ref-type="fig"}), could stimulate MEF migration even in the presence of RFFL siRNA ([Fig. 7I](#F7){ref-type="fig"}). These data together indicate persistent PKCδ activation is sufficient for driving cell migration.

Role of Gα12 in pulmonary fibrosis {#S9}
----------------------------------

Mouse genetic studies showed that Gα12 and Gα13 proteins functioned largely redundantly *in vivo* ^[@R33],\ [@R37]^, but some distinct *in vivo* functions of Gα13 have emerged ^[@R38]--[@R40]^. Although distinct functions of Gα12 were shown in cultured cells ^[@R41]--[@R43]^, there is a lack of such evidence *in vivo*. The type 1 receptor of LPA, which can couple to Gα12, has an important role in bleomycin-induced pulmonary fibrosis primarily due to the role of LPA in fibroblast migration ^[@R44]^. The involvement of Gα12 in LPA-induced MEF migration suggests that Gα12-deficiency should have a significant role in lung fibrosis. Indeed, Gα12-deficiency showed significant reduction in pulmonary fibrosis ([Fig. 8A--B](#F8){ref-type="fig"}). Consistent to the signaling pathway delineated in cultured cells ([Fig. 8C](#F8){ref-type="fig"}), there were decreases in the PRRL5 protein contents and increases in the levels of *Rffl* mRNA, accompanied by increases in ERK and PKCδ HM phosphorylation in bleomycin-treated WT lungs compared to PBS-treated ([Fig. 8D,E](#F8){ref-type="fig"}). These bleomycin-induced changes markedly diminished in Gα12-deficient samples ([Fig. 8D,E](#F8){ref-type="fig"}), suggesting that the involvement of Gα12 in pulmonary fibrosis may be attributed to its regulation of PKCδ HM phosphorylation via the signaling pathway depicted in [Fig. 8C](#F8){ref-type="fig"}. Consistent with this conclusion, the proteasome inhibitor Bortezomib ^[@R45]^ or mTOR inhibitor PP242 ^[@R46]^ inhibited bleomycin-induced pulmonary fibrosis ([Fig. 8F](#F8){ref-type="fig"}), accompanied by the inhibition of PKCδ HM, but not ERK, phosphorylation ([Fig. S7A](#SD1){ref-type="supplementary-material"}). Importantly, Bortezomib stabilized PRR5L protein with little effect on its mRNA level, whereas PP242 only blocked PKCδ phosphorylation ([Fig. S7A--B](#SD1){ref-type="supplementary-material"}).

DISCUSSION {#S10}
==========

In this report, we observed that LPA induces two phases of PKC HM phosphorylation and characterized a signaling mechanism by which LPA regulates the late phase phosphorylation through its regulation of mTORC2. As depicted in [Figure 7C](#F7){ref-type="fig"}, LPA acts through Gα12 to specifically activate ARAF, which in turn upregulates RFFL, leading to the polyubiquitination and destabilization of PRR5L, a component of mTORC2 and suppressor of PKC HM phosphorylation. The lack of PRR5L promotes PKCδ HM phosphorylation and activation by mTORC2. Thus, our study revealed a role for RFFL in mTORC2 regulation by identifying PRR5L as its substrate. RFFL is a Ring domain-containing ubiquitin E3 ligase, which is also known as rififylin and CARP2 ^[@R47],\ [@R48]^ and has only two previously reported putative substrates, p53 and RIP ^[@R49],\ [@R50]^. There is a homolog of RFFL, RNF34 (also known as CARP1), which shares less than 50% amino acid identity with RFFL. RNF34 is unlikely to be involved in LPA and Gα12-mediated regulation of mTORC2, because neither Gα12^QL^ nor LPA regulated its expression level in HEK293T or MEF cells (data not shown).

PRR5L and its homolog PRR5 were identified as mTORC2-associated proteins ^[@R51]--[@R53]^. They, unlike many of the other mTORC2 components, are not involved in the assembly of the mTORC2 complexes. Their roles in mTORC2 functions have remained unclear until recently. The finding that PRR5-deficiency appears to affect specifically SGK1 phosphorylation but not AKT or PKC HM phosphorylation ^[@R54]^ suggests that PRR5 may regulate mTORC2 activity in a substrate specific manner. Our result showing that PRR5L specifically suppresses mTORC2-mediated HM phosphorylation of PKC, but not AKT, bolsters the idea. Moreover, we provided a biochemical basis for the selectivity by showing that PRR5L favors the binding of mTORC2 to AKT over PKC. Although addition of recombinant PRR5L protein enhanced the substrate preference of mTORC2 for AKT, the role of PRR5L in AKT HM phosphorylation *in vivo* does not appear to be as prominent as that in PKC HM phosphorylation, because PRR5L knockdown or knockout had a weak effect on AKT HM phosphorylation. This lack of a strong effect may be because PRR5L's effect is marginalized by other regulatory factors for AKT, such as PtdIns(3,4,5)P~3~. However, we do not exclude the possibility that PRR5L may have a significant role in regulating AKT HM phosphorylation under a different context. Our results also suggest that PRR5 and PRR5L are not functional redundant, at least, in the regulation of PKC HM phosphorylation. Expression of PRR5 in *Prr5*^−/−^*;Prr5l*^−/−^ MEFs did not suppress basal PKC HM phosphorylation or migration, nor did it restore the responsiveness to LPA. In addition, RFFL did not coimmunoprecipitate with or stimulate polyubiquitination of PRR5 in overexpressed HEK293T cells (data not shown). Nevertheless, together with the selective effect of PRR5-deficiency on SGK phosphorylation ^[@R54]^, we suggest that the PRR5 and PRR5L proteins may function to modulate the activity of mTORC2 in a substrate-depending manner.

Although mTORC2 was shown to play an important role in cell migration ^[@R13],\ [@R23],\ [@R25],\ [@R26]^, the mechanisms have been remained largely elusive. The stimulation of late phase PKC HM phosphorylation by mTORC2 may be a mechanism by which mTORC2 regulates fibroblast migration. The importance of the late phase PKC HM phosphorylation in cell migration was illustrated by the observation that Gα12-deficiency, on which LPA-induced fibroblast migration depends, specifically diminished the late phase PKC HM phosphorylation without affecting the early phase PKC HM phosphorylation or activation. The fact that knockdown of PRR5L or overexpression of RFFL, which are used by Gα12 and LPA to regulate the late phase PKC HM phosphorylation, stimulates cell migration supports the conclusion. Because fibroblasts migrate at a very slow pace, it is reasonable that sustained PKC activation is required for the process. A transcription and protein stability-based regulatory mechanism would be more suitable for generating sustained responses than those using Ca^2+^ and lipid-derived second messengers, which are often produced in rather transient manners in cells.

Although persistent PKCδ activation appeared to be sufficient for driving cell migration, we do not know how HM phosphorylation leads to PKC activation. Nor do we know how PKCδ regulates fibroblast migration, even though some previous studies have suggested that PKCδ plays an important role in cell migration ^[@R55]--[@R58]^. Cell migration is a complex process, and a large number of signaling mechanisms have been characterized for their involvement in the regulation. These signaling pathways may work in concert with others; some may be redundant of others, and some may function in a context-dependent manner to achieve optimal cell migration. It is hence important to know how PKC HM phosphorylation functions in relation to other signaling pathways in cell migration regulation. Additionally, because all of the three Raf isoforms, when overexpressed, could upregulate RFFL (data not shown), it would be interesting to know whether the RFFL-PKC pathway is also used by growth factors, which activate Raf via Ras, or by activated Ras and RAF mutants, which are frequently found in cancers, to regulate cell, particularly tumor cell, migration. Finally, it is important to know how Gα12, but not Gα13, specifically activated ARAF, but not CRAF. Work is under way to investigate these questions.
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![Gα12 is required for LPA-induced late phase PKC HM phosphorylation and activation\
**A**) Gα12^QL^, but not other Gα^QL^ subunits, stimulates PKC HM and MARCKS phosphorylation. HEK293T cells were transfected with one of the constitutively activated forms of Gα in the absence of serum. Cells were collected 24 hours after transfection for Western analysis. Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\*, p\<0.01, Student's t-Test, n=3).\
**B**) LPA stimulates PKCδ HM and MARCKS phosphorylation in a time-dependent manner in MEFs. Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\*, p\<0.01, Student's t-Test, n=3).\
**C**) Late phase PKCδ HM phosphorylation and activation by LPA is dependent on Gα12. *Gna12*^−/−^ MEFs were infected with retroviruses expressing GFP or GFP-IRES-Gα12. Expression of Gα12 is shown in the side panel. Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\*, p\<0.01, Student's t-Test, n=3).](nihms371526f1){#F1}

![LPA and Gα12 destabilize PRR5L by inducing PRR5L ubiquitination\
**A**) Late phase PKCδ HM phosphorylation is dependent on the mTORC2 complex. WT MEFs were infected with retrovirus expressing a MAPKAP1 shRNA and treated with LPA (400 nM). Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\*, p\<0.01, Student's t-Test, n=3).\
**B**) LPA treatment reduces the contents of PRR5L. HEK293T cells were pre-treated with MG132 (10 μM) or Chloroquine (100 μM) for 6 hrs, followed by LPA (5 μM) for 2 hrs. Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\*, p\<0.01, Student's t-Test, n=3).\
**C**) Gα 12^QL^ expression reduces the content of PRR5L. HEK293T cells were transfected with LacZ, Gα 12^QL^, or Gα 13^QL^ for 24 hrs before Western analysis. Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\*, p\<0.01, Student's t-Test, n=3).\
**D**) LPA does not alter the *PRR5L* mRNA concentration. HEK293T cells were treated with LPA (5 μM) for 2 hrs prior to RNA isolation and qRT-PCR analysis. Data are presented as means ± S.D. (n=3).\
**E**) LPA treatment or Gα12^QL^ expression stimulates ubiquitination of PRR5L. HEK293T cells were transfected and treated with or without LPA (5 μM, 2 hrs) in the presence or absence of MG132 (10 μM, 6 hrs before LPA treatment) pre-treatment. Whole-cell lysates (Input) and Ni-NTA precipitates were analyzed by Western blotting 24 hrs after transfection.](nihms371526f2){#F2}

![PRR5L inhibits mTORC2-mediated PKCδ HM phosphorylation\
**A)** Responses to LPA stimulation in *Prr5*^−/−^;*Prr5l*^−/−^ MEFs. *Prr5*^−/−^;*Prr5l*^−/−^ (*Prr*^−/−^) MEFs and those infected with PRR5L expressing retrovirus were stimulated with LPA (400 nM). Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\*, p\<0.01, Student's t-Test, n=3).\
**B**) PRR5L regulates mTORC2's substrate preference. WT MEFs were transfected with a PRR5L siRNA for 72 hrs. Immunoprecipitation was carried out using a control antibody (IgG) or RICTOR antibody. The immunocomplexes were used to phosphorylate recombinant GST-PKCδ or GST-AKT protein in an *in vitro* kinase assay or to interact with the GST-PKCδ or GST-AKT protein in a cell-free binding assay as described in the "Methods." Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\* p\<0.01 *vs.* LacZ-transfected or vehicle treatment (Vc) controls, Student's t-Test, n=3).](nihms371526f3){#F3}

![PRR5 does not regulate PKCδ HM phosphorylation\
**A**) Inability of PRR5 to restore LPA responses in *Prr5*^−/−^*;Prr5l*^−/−^ (*Prr*^−/−^) MEFs. *Prr5*^−/−^*;Prr5l*^−/−^ (*Prr*^−/−^) MEFs and those infected with PRR5 expressing retrovirus were stimulated with LPA (400 nM).\
**B**) The binding of PRR5 to mTORC2 is not affected by the presence or absence of PRR5L. HEK293 cells were transfected with PRR5-HA or PRR5L-HA in the presence or absence of RFFL. Expression of RFFL resulted in reduction in PRR5L levels. Cells were subject to anti-RICTOR immunoprecipitation.\
**C**) PKCδ and AKT do not compete for mTORC2 binding. Anti-RICTOR immunoprecipitates from MEFs were incubated with GST-AKT1, GST-PKCδ, or both, and bound AKT1 or PKCδ were detected by Western analysis.](nihms371526f4){#F4}

![RFFL is the E3 ligase for PRR5L\
**A**) LPA induces *Rffl* expression dependently of Gα12. WT or *Gna12*^−/−^ MEFs were stimulated with LPA, and the relative expression levels of *Rffl* were determined by qRT-PCR.\
**B**) Gα12, but not Gα13, upregulates *RFFL* expression. HEK293T cells were transfected with Gα12^QL^ or Gα13^QL^ for 24 hrs or treated with LPA (5 μM) for 2 hrs. Relative expression levels of *RFFL* were determined by qRT-PCR.\
**C**) Knockdown of RFFL abolishes the effects of LPA on PRR5L stability regulation and PKC HM and MARCKS phosphorylation. HEF293T cells were transfected with the RFFL siRNAs for 72 hrs and stimulated with LPA (5 μM, 2hrs) before Western analysis. Normalized quantification of immunoblots was performed from independent experiments. Data are presented as means ± S.D. (\*, p\<0.01, Student's t-Test, n=3).\
**D**) RFFL interacts with PRR5L. HEK293T cells were transfected with RFFL-Flag and PRR5L-HA as indicated, and immunoprecipitation was carried out using an anti-Flag antibody 24 hrs after transfection.\
**E**) LPA treatment, expression of RFFL, or Gα12 stimulates endogenous PRR5L polyubiquitination. HEK293T cells were transfected with His-ubiquitin, Gα12^QL^, and/or RFFL-FLAG for 24 hrs and pretreated with MG132. Some of the samples were stimulated with LPA (5 μM, 2 hrs). Cell lysates were subjected to Ni-NTA bead pull-down, followed by Western analysis with a PRR5L antibody.\
**F**) RFFL catalyzes PRR5L ubiquitination *in vitro*.\
**G**) Expression of K48R ubiquitin blocks PRR5L polyubiquitination by RFFL.](nihms371526f5){#F5}

![RAF upregulates *RFFL* expression via MEK and ERK\
**A**) Knockdown of ARAF, MEK1 and 2, or ERK1 and 2 by siRNAs blocks Gα 12^QL^-induced upregulation of *RFFL* expression. HEK293T cells were cotransfected with the indicated siRNA and the plasmid encoding LacZ or Gα 12^QL^. Seventy-two hours later, cells were harvested for q-RT-PCR analysis.\
**B**) Knockdown of ARAF, MEK1 and 2 or ERK1 and 2 by siRNA blocks Gα 12^QL^-induced ubiquitination of PRR5L. HEK293T cells were transfected with the indicated siRNA for 48 hrs, followed by transfection with the indicated plasmids. Twenty-hours later, cells were treated with MG132 for 8 hrs before lysis and precipitation with Ni-NTA beads.\
**C**) Overexpression of ARAF, MEK1, or ERK2 stimulates PRR5L ubiquitination. HEK293T cells were transfected with the plasmids as indicated for 24 hrs. The cells were treated with MG132 for 8 hrs before lysis and pull-down with Ni-NTA beads.\
**D**) LPA and Gα12 stimulate ARAF phosphorylation at Ser-299. HEK293T cells were transfected with Gα12^QL^ or treated with LPA (5 μM, 2hrs), followed by immunoblotting.\
**E**) Gα12 interacts with ARAF. HEK293T cells transfected with the plasmids as indicated. Immunoprecipitation was carried out using a Gα12 or Gα13 antibody in the presence of AMF as described in the "Methods."\
**F**) Recombinant Gα12 interacts with ARAF, but not CRAF, in a GTP-dependent manner.](nihms371526f6){#F6}

![The RFFL-PRR5L pathway has an important role in regulation of cell migration\
**A--C**) RFFL is required for LPA-induced fibroblast migration. MEFs were transfected with the control or RFFL siRNA for 72 hrs and analyzed in a scratch migration assay (**A**--**B**) or a transwell assay (**C**). Representative phase contrast images of the migration assays at 0 and 16 hrs after gap creation are shown (**A**). Experiments were repeated three times, and a representative experiment is shown.\
**D--E**) Expression of RFFL increases cell migration. MEFs were infected with retroviruses expressing GFP or GFP-IRES-RFFL and treated with or without PD98059. Experiments were repeated three times, and a representative experiment is shown.\
**F**) Knockdown of PRR5L increases the migration of MEFs. MEFs were transfected with the indicated siRNAs in the presence or absence of Ku-0063794 (Ku, 50 nM), followed by the scratch migration assay. Experiments were repeated three times, and a representative experiment is shown.\
**G**) Expression of PRR5L in *Prr5*^−/−^*;Prr5l*^−/−^ MEFs restores LPA-induced migration. *Prr5*^−/−^*;Prr5l*^−/−^MEFs and those infected with PRR5L expressing retrovirus were tested in a scratch migration assay (LPA, 400 nM). Experiments were repeated three times, and a representative experiment is shown.\
**H**) PKCδ knockdown inhibits LPA-induced MEF migration. MEFs were infected with retrovirus expressing GFP, PKCδ, and its mutant S664A and transfected with the indicated siRNAs, followed by the scratch migration assay (LPA, 400 nM). The data are presented as means ± S.D. (\*\*, p\<0.05, Student's t-Test, n=3).\
**I**) Expression of WT and myristylated PKCδ stimulates MEF migration. MEFs were infected with retrovirus expressing GFP, WT PKCδ, myristylated PKCδ (myri-PKCδ) or myristylated PKCδ lacking N-terminal 280 amino acids (myri-PKCδ-ΔN) and transfected with the control siRNA or siRFFL. Western analysis and cell migration assay were performed 72 hours later. Experiments were repeated three times, and a representative experiment is shown.](nihms371526f7){#F7}

![Gα12 has an important role in bleomycin-induced pulmonary fibrosis\
**A--B**) Gα12-deficiency impedes pulmonary fibrosis development. Gα12-deficient mice and their WT littermates (12 weeks old) were administered with bleomycin or PBS through intratracheal injection. Fourteen days later, the lungs from these mice were collected for histological examination (Trichrome staining, **A**) and hydroxyproline content determination (**B**). The data are presented as means ± S.D. (\*, p\<0.05, Student's t-Test; PBS treated, n=5; bleomycin treated, n=6).\
**C**) A model for the regulation of mTORC2-mediated long-term PKC HM phosphorylation. LPA acts through Gα12 to activate ARAF, which leads to polyubiquitination and destabilization of PRR5L. PRR5L inhibits PKCδ HM phosphorylation by mTORC2. Thus, its absence results in persistent PKCδ HM phosphorylation and activation that is important for the migration of fibroblast cells.\
**D--E**) Gα12-deficiency blocks bleomycin-induced changes. Lungs from bleomycin-treated Gα12-deficient and their WT littermate mice were subjected to Western (**C**; results from two pairs are shown) and qRT-PCR (**D**) analyses. The data in **D** are presented as means ± S.D. (\*, p\<0.05, Student's t-Test, PBS treated, n=5; bleomycin treated, n=6).\
**F**) Effects of a proteasome and an mTOR inhibitor on bleomycin-induced lung fibrosis. Mice were administered with bleomycin or PBS, followed by treatment with Bortezomib or PP242. The data are presented as means ± S.D. (\*, p\<0.05, n=5, Student's t-Test).](nihms371526f8){#F8}
